RNA cleavage by bacterial RNA polymerase (RNAP) has been implicated in transcriptional proofreading and reactivation of arrested transcription elongation complexes but its molecular mechanism is less understood than the mechanism of nucleotide addition, despite both reactions taking place in the same active site. RNAP from the radioresistant bacterium Deinococcus radiodurans is characterized by highly efficient intrinsic RNA cleavage in comparison with Escherichia coli RNAP. We find that the enhanced RNA cleavage activity largely derives from amino acid substitutions in the trigger loop (TL), a mobile element of the active site involved in various RNAP activities. The differences in RNA cleavage between these RNAPs disappear when the TL is deleted, or in the presence of GreA cleavage factors, which replace the TL in the active site. We propose that the TL substitutions modulate the RNA cleavage activity by altering the TL folding and its contacts with substrate RNA and that the resulting differences in transcriptional proofreading may play a role in bacterial stress adaptation.
INTRODUCTION
Transcription errors can be detrimental to cells even though they are not genetically heritable like replication errors. Recent studies revealed the in vivo transcription error rates of about 10 −4-10 −5 and demonstrated that changes in transcription fidelity can significantly affect gene expression, cell growth and genomic stability in bacteria (1) (2) (3) (4) (5) and eukaryotes (6) (7) (8) .
Transcription fidelity primarily depends on the ability of RNA polymerase (RNAP) to select correct nucleotides during RNA synthesis. The catalytic cycle of nucleotide addition starts with its initial pairing with the DNA template nucleotide, followed by the folding of a mobile trigger loop (TL) that encloses the nucleotide substrate within the i + 1 site of the active center. Two divalent metal ions (usually, Mg 2+ ) then catalyze nucleotidyl transfer, followed by TL unfolding and RNAP translocation (9) (10) (11) (12) (13) . TL closure contributes up to 10 000-fold to the rate of phosphodiester bond formation and fidelity of transcription (10, 14, 15) . Conformational changes of the TL during different steps of the nucleotide addition cycle are coupled with changes in adjacent elements of the active site, including the bridge helix (BH) and the F-loop (FL) (Figure 1 and Supplementary Figure S1 ) (9, (16) (17) (18) . Folding and unfolding of the TL also modulates RNAP movement along the DNA because the intimate interactions of the folded TL with the 3 -end of the nascent RNA impede forward translocation (19, 20) .
The second major mechanism that contributes to transcription fidelity is endonucleolytic cleavage of the nascent RNA transcript in the RNAP active site, which results in removal of misincorporated nucleotides (21) (22) (23) . Intrinsic RNA cleavage is catalyzed by the same pair of catalytic divalent ions as nucleotide addition; however, the binding of the second of these ions during cleavage is relatively week and is a subject to regulation (13, 24, 25) . RNA cleavage is preceded by RNAP backtracking along the DNA template, which is stimulated by nucleotide misincorporation (23, 26, 27) . Bacterial RNAP predominantly removes dinucleotide fragments from the RNA 3 -end, and the 3 -terminal RNA nucleotide was shown to directly participate in the reaction, thus suggesting an ancient role for RNA in catalysis (22, 23) . Recent structural analysis of a backtracked transcription elongation complex (TEC) of Thermus thermophilus (Tth) RNAP revealed that the 3 -nt is bound in a specific proofreading site in the secondary channel; mutations in this site were shown to impair RNA cleavage ( Figure 1 and Supplementary Figure S1A ) (28) . The role of the TL in RNA cleavage remains controversial. Biochemical studies demonstrated that it is essential for cleavage and likely directly contacts the RNA substrate in thermophilic Thermus aquaticus (Taq) RNAP (27) , but may be less important for cleavage in mesophilic Eco RNAP (15, 22, 27) . In particular, substitution of catalytic residue H1242 in the TL in Taq RNAP much more severely affected catalysis than substitution of corresponding residue H936 in Eco RNAP (Figure 1 ) (27) . However, in the published backtracked TEC structure of Thermus RNAP, the TL is removed away from the RNA substrate suggesting that the complex is in an inactive conformation ( Figure 1B) (28) .
Most bacterial cells contain specialized Gre factors (GreA and GreB in Escherichia coli) that stimulate RNA cleavage by RNAP in vitro and are likely important for transcriptional proofreading in vivo. Gre proteins bind within the secondary channel of RNAP and reach the active site, which requires unfolding of the TL and is accompanied by conformational changes in major RNAP domains and opening of the main channel holding nucleic acids (28) . Gre factors were proposed to coordinate the second metal ion in the active site by acidic amino acid residues located at a tip of their effector domain, and to directly participate in catalysis through contacts with the RNA substrate and activation of the attacking water molecule (22, 24, 25, 29) . Gre factors were shown to play crucial role in reactivation of arrested TECs resulting from irreversible RNAP backtracking (30, 31) . In vitro and in vivo studies suggested that such stalled TECs can block DNA replication, resulting in increased level of mutagenesis and genome instability (32) (33) (34) .
Deinococcus radiodurans (Dra) is a unique mesophilic bacterium, phylogenetically related to thermophilic Taq and Tth, that is highly resistant to ionizing radiation, ultraviolet light and chemical mutagens, thus suggesting the existence of specific mechanisms of stress resistance (35, 36) . In particular, D. radiodurans cells were shown to accumulate manganese ions under stress conditions, resulting in activation of several manganese-dependent enzymes and protective pathways (37) . Previously, we found that Dra RNAP highly efficiently catalyzes RNA cleavage in comparison with E. coli (Eco) RNAP (38) . The enhanced RNA cleavage activity may play an essential role under stress conditions, by decreasing transcriptional mutagenesis and minimizing transcription-replication conflicts. In this work, we performed comparative analysis of Dra and Eco RNAPs and identified factors that modulate their RNA cleavage activities.
MATERIALS AND METHODS

DNA, proteins and reagents
Mutant variants of the Eco rpoC and rpoB genes were obtained by site-directed polymerase chain reactionmutagenesis of the pET29-rpoC and pIA545 plasmids and recloned into the pVS10 and pIA679 expression vectors containing His 6 -tags in the C-terminus of the ␤ subunit and in the N-terminus of the ␤ subunit, respectively (39) . Wildtype and mutant Eco core RNAPs were expressed and purified from Eco BL21(DE3) cells as described in (39) . Core Dra RNAP was purified either from Dra cells as described previously (40) or from E. coli BL21(DE3) cells expressing all core RNAP subunits from plasmid pET28-rpoACBZDra. The plasmid was obtained by cloning of the rpoA, rpoB, rpoC and rpoZ genes of Dra into the pET28 vector under the control of T7 RNAP promoters. Mutant variants of the Dra rpoC gene were obtained by site-directed mutagenesis and cloned into the same plasmid. Eco cells containing pET28-rpoACBZ-Dra were grown for 16 h at 22
• C in the presence of 0.1 mM IPTG. The cells were disrupted by sonication; RNAP was purified by Polymin P precipitation, followed by chromatography on HeparinSepharose (Heparin-HiTrap), Ni 2+ -affinity (HiTrap Chelating) and anionic-exchange (MonoQ) columns (GE Healthcare) (39, 41) . Eco and Dra GreA proteins with C-terminal His 6 -tags were expressed from plasmids pET28-Eco-GreA and pET28-Dra-GreA and purified by Polymin P precipitation (from flow-through), followed by Ni 2+ -affinity chromatography.
Schematics of nucleic-acid scaffolds used in the analysis of nucleotide addition and RNA cleavage are shown in Supplementary Figures S2, S3 and S4. DNA and RNA oligonucleotides used in the analysis were purchased from IBA Biotech (Göttingen, Germany), Fidelity Systems (Gaithersburg, MD, USA), Eurofins Genomics (Ebersberg, Germany), DNA Synthesis and Syntol (Moscow, Russia). Cytidine-5 -[(␣,␤)-methyleno]triphosphate (CMPCPP) was from Jena Bioscience (Jena, Germany). DNA template containing a fragment of the Eco rpoB gene fused to the P R promoter for measurements of elongation rates was obtained as described in (41) .
Analysis of nucleotide addition and RNA elongation
TECs for analysis of nucleotide addition were assembled on a minimal nucleic acid scaffold containing 5 -P 32 -labeled RNA (Supplementary Figure S3) or a complete scaffold containing fluorescently labeled RNA or DNA oligonucleotides (Supplementary Figure S2) as described in (42) and (43), respectively. The catalytic rates were measured after mixing the samples with nucleotides (1 mM uridine triphosphate [UTP] or cytidine triphosphate [CTP] in the case of the minimal scaffold and 200 M guanosine triphosphate [GTP] or 2 -dGTP in the case of the complete scaffold) in a rapid quench-flow instrument (QFM-400, BioLogic and RQF 3, KinTek Corporation, respectively) or by manual mixing. Most measurements were performed at 25
• C, unless otherwise indicated. The reactions were quenched with 0.5 M HCl, the RNA products were separated by denaturing Polyacrylamide gelelectrophoresis (PAGE) and analyzed by phosphorimaging or fluorimetry. The data on nucleotide addition obtained in the minimal scaffold system were fitted to the single-exponential equation. The experiments on nucleotide addition and translocation on the complete scaffold are described in detail in Supplementary Methods. Measurements of average elongation rates was performed on the P R -rpoB template as previously described (41) (see Supplementary Figure S8 legend for details).
RNA cleavage assays
RNA cleavage was performed in TECs assembled on synthetic nucleic-acid scaffolds as previously described (41, 43) . RNA primer was 5 -labeled with ␥ -[ 32 P]-ATP and T4 polynucleotide kinase and mixed with the template DNA oligonucleotide (600 nM and 1.5 M final concentrations, respectively) in buffer containing 40 mM Tris-HCl, pH 7.9, 40 mM NaCl and 0.1 mM ethylenediaminetetraacetic acid (EDTA). The samples were heated to 65
• C and cooled down to 20
• C at 1 • C/min. One microliter of the RNA-DNA hybrid solution (0.6 pmol RNA/1.5 pmol template DNA) was then mixed with core RNAP solution (5 pmol) in 10 l of buffer containing 40 mM Tris-HCl, pH 7.9 and 40 mM NaCl and incubated for 20 min at 30
• C. A total of 10 pmol of the non-template DNA oligonucleotide was added to the mixture and the samples were incubated for 20 min at 30
• C. The samples were diluted 5-10× with transcription buffer containing 40 mM Tris-HCl, pH 7.9, 40 mM NaCl and RNA cleavage was initiated by the addition of MgCl 2 or MnCl 2 to indicated concentrations. GreAdependent RNA cleavage was analyzed in a similar way. Gre proteins were added to preformed TECs of Eco or Dra RNAPs (to 5 or 1 M final concentrations in Figure 7B and C, respectively) and the samples were incubated for 3 min at 30 or 37
• C. RNA cleavage was initiated by the addition of MgCl 2 to 10 mM. Gre-containing reactions with wild-type RNAPs were performed on a KinTek Chemical Quench Flow Model RQF-3 mixer (KinTek, Austin, USA). The reactions were stopped after various time intervals by the addition of equal volume of stop-solution containing 8M urea and 20 mM EDTA, and RNA products were analyzed by 15% denaturing PAGE. The data were fitted to the equation:
where C is the fraction of cleaved RNA, C max is the maximal cleavage level, k obs is the observed first-order rate constant and t is the reaction time.
Fe
2+ -induced RNA cleavage
The TECs were assembled in the same way as described above but the non-template DNA oligonucleotide contained a biotin residue in its 5 -end. The complexes were bound to magnetic avidin agarose beads (Dynabeads MyOne Streptavidin C1 Invitrogen), pre-washed in high salt buffer (40 mM Tris-HCl, pH 7.9, 1 M NaCl) and equilibrated with reaction buffer (40 mM Tris-HCl, pH 7.9, 40 mM NaCl), for 25 min at 25
• C with occasional shaking. Unbound TECs were removed by washing the beads three times with 1 ml of the reaction buffer. Reaction was initiated by the addition of DTT to 10 mM and (NH 4 ) 2 FeSO 4 to 20 or 200 M and terminated after 20 min by the addition of the stop-solution. The RNA products were resolved by 29% denaturing PAGE.
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RESULTS
RNA synthesis by Eco and Dra RNAPs
Dra and Eco RNAPs transcribe genomes of very divergent bacterial phyla but evolved to operate in similarly mesophilic environments. Therefore, before starting the analysis of RNA cleavage it was imperative to compare RNA synthesis by these two enzymes. To assess possible differences in nucleotide addition and translocation states of the TECs formed by these RNAPs, we employed a set of kinetics and equilibrium assays previously developed in our work (17, 44) .
We first performed parallel, time-resolved measurements of nucleotide incorporation and post-catalytic relaxation (the combined rate of pyrophosphate release and translocation) in Eco and Dra TECs. To allow accurate comparisons of the catalytic rates, most experiments on nucleotide addition were performed at 25
• C since at this temperature the reactions can be resolved in time by rapid quench-flow methods. Both Eco and Dra can actively grow and divide at this temperature and both RNAPs were shown to have comparable elongation rates in the range between 0 and 37
• C (40) suggesting that measurements at 25
• C allow adequate comparison of RNAP properties. The experiments were performed using a complete synthetic nucleic-acid scaffold containing fluorescent labels at the RNA 5 -end and in the template DNA ( Figure 2 and Supplementary Figure S2 ). RNA extension was monitored by a rapid chemical quench-flow method, whereas translocation was monitored by measuring the increase in fluorescence of the 6-methylisoxanthopterin base (6-MI) incorporated in the template DNA strand in a stopped-flow instrument (44) . Both Eco and Dra RNAPs fully (>80%, Supplementary Figure S2 ) extended the RNA transcript after the addition of cognate GTP, followed by rapid TEC translocation. Combined kinetic analysis of the data revealed that Dra RNAP is 2-fold slower in the nucleotide addition but translocates forward with similar or up to twofold faster rate than Eco RNAP ( Figure 2B ). Although the rate of the post-catalytic relaxation is faster in Dra RNAP, it constitutes only a small fraction of the total half-life of the nucleotide addition cycle (25-30% for Eco RNAP and 10-15% for Dra RNAP).
To assess the completeness of translocation, we forwardbiased the GMP-extended TEC with CMPCPP (a nonhydrolyzable analog of CTP), corresponding to the next incoming nucleoside triphosphate (NTP) in our system. For both Eco and Dra TECs, the addition of CMPCPP did not result in a further increase in fluorescence intensities ( Figure 2C ). Furthermore, similar changes in TEC fluorescence were observed after the incorporation of 2 -dGMP, which promotes forward translocation (because the 2 -OH group at the RNA 3 -end is essential for stabilizing the pretranslocated state), and the addition of CMPCPP to such complexes (20) . These observations suggest that the fractions of the pre-translocated state are below the detection threshold (∼10%) in both Eco and Dra TECs.
Overall, the analysis of nucleotide addition and translocation by Eco and Dra RNAP revealed only marginal differences in the rates of the individual steps in the nucleotide addition cycle between the two enzymes. While it is not cer- tain at present if the observed differences have any physiological and/or mechanistic significance, they cannot explain a significantly higher intrinsic RNA cleavage activity of Dra RNAP.
Stimulation of nucleotide misincorporation by manganese ions
We then analyzed the catalytic rates in TECs assembled on a minimal nucleic acid scaffold stabilized in the posttranslocated state ( Figure 3A, Supplementary Figure S3A) , which allows comparison of incorporation of correct and incorrect nucleotides in the absence of RNA cleavage (42) . Similarly to the complete scaffold described above, both RNAPs had comparable rates of the correct nucleotide incorporation (UTP), although Dra RNAP was faster than Eco RNAP in this case (Supplementary Figure S3B) .
Manganese ions are known to increase misincorporation of non-complementary nucleotides by RNA and DNA polymerases (e.g., (45) ). We therefore compared transcription fidelity of Dra and Eco RNAPs in the presence of magnesium and manganese ions, by analyzing cognate UTP and non-cognate CTP addition on the minimal scaffold template. Due to the very fast correct nucleotide incorporation in the presence of manganese, the experiment with UTP was performed at 10
• C. Manganese ions stimulated uridine monophosphate (UMP) incorporation, resulting in about 4-and 2.5-fold increase in the catalytic rates for Eco and Dra RNAPs, respectively (Figure 3B, C and Supplementary Figure S3C ). At the same time, the rates of the non-cognate cytidine monophosphate (CMP) incorporation were much stronger stimulated by Mn 2+ resulting in an overall decrease in the fidelity of RNA synthesis. This effect was larger for Dra than for Eco RNAP (420-versus 75-fold stimulation), leading to a larger decrease in the transcription fidelity (Figure 3B , C and Supplementary Figure S3C) .
RNA cleavage by Eco and Dra RNAPs in correct and mismatched TECs
Previous studies revealed enhanced RNA cleavage by Dra RNAP in a model TEC containing fully complementary RNA (38) . In this work, analysis of the cleavage reaction was performed in several types of TECs assembled on synthetic nucleic-acid scaffolds. Most experiments were performed with mismatched TEC rA-dG, containing a noncomplementary adenine at the RNA 3 -end located opposite guanine in the template DNA, and correct TEC rAdT, in which the 3 -adenine was complementary to a template thymine (Supplementary Figure S4) (modified from Ref. (23)). The rA-dG complex corresponds to the TEC that is formed after misincorporation of an incorrect nucleotide in the RNA transcript, which facilitates RNAP backtracking and RNA cleavage (23) . In addition, we analyzed mismatched TEC rC-dT, which contained a noncomplementary cytosine at the RNA 3 -end opposite template thymine, and another variant of correct TEC with the rA-dT pair at the RNA 3 -end (rA-dT2) (Supplementary Figure S4 ). Most RNA cleavage experiments were performed at 37
• C, the temperature optimum for both RNAPs. RNA cleavage in all analyzed TECs resulted in removal of a dinucleotide from the RNA 3 -end ( Supplementary Figure S5) . Dra RNAP cleaved RNA dramatically faster than Eco RNAP (Figure 4, Supplementary Figure S5 , Table 1  and Supplementary Table S1 ). In particular, we observed 20-, 18-and 56-fold differences in the cleavage rates in the rA-dG, rA-dT and rC-dT TECs, respectively (at 10 mM MgCl 2, 37
• C) ( Table 1) . For each RNAP, the rates of intrinsic RNA cleavage were the highest in the case of the mismatched complex rA-dG containing unpaired adenine residue at the RNA 3 -end (k obs = 0.39 and 7.9 min −1 for Eco and Dra RNAPs, respectively). Similar differences were observed when the experiment was repeated at 25
• C, although the absolute rates of the reaction were ∼2.5× lower for both RNAPs (Supplementary Figure S6) . The rates of the cleavage in the correct complex rA-dT were more than 30× lower for both RNAPs, likely because base-pairing of the RNA 3 -end prevents RNAP backtracking. The RNA cleavage rates in the mismatched complex rC-dT were also lower in comparison with rA-dG, likely because the unpaired adenine in the latter complex is directly involved in the cleavage reaction (23) . Overall, our data demonstrate that Dra RNAP efficiently cleaves RNA in TECs of various structures.
Catalytic metal binding by Eco and Dra RNAPs during RNA cleavage
To reveal possible differences between Eco and Dra RNAPs in the binding of the second catalytic metal ion during RNA cleavage, the reactions in the rA-dG and rA-dT complexes were performed at different divalent ion concentrations. At all Mg 2+ concentrations, RNA cleavage by Dra RNAP was much faster than in the case of Eco RNAP and the maximal rates of the reaction at saturation were 14.5× higher for Dra RNAP in both TECs ( Figure 5 , Table 2 ). However, the apparent dissociation constants (K d,app ) for the binding of the catalytic ions in both complexes were comparable for Eco and Dra RNAPs, with only ∼1.5-fold better binding of Mg 2+ to Dra RNAP in the rA-dG complex (K d,app = 13.9 and 8.3 mM, respectively). The K d,app and k obs, max values were determined from measurements of RNA cleavage rates at different metal concentrations (see Figure 5 ). Previously, Dra-specific substitution A455E near the metal-binding NADFDGD-motif of the ␤ subunit was shown to slightly stimulate RNA cleavage by Eco RNAP (38) . We therefore measured the apparent K d value for Mg 2+ in the cleavage reaction for the Eco-␤ A455E RNAP. The substitution slightly increased the maximal rate of catalysis and the apparent affinity of magnesium in the rA-dG TEC (Table 2) . Therefore, this substitution may account for the somewhat greater affinity of Dra RNAP to magnesium ions, probably by changing the conformation of the adjacent NADFDGD-motif. However, it cannot fully explain the large differences in the RNA cleavage rates between the Eco and Dra RNAPs.
We then analyzed RNA cleavage in the presence of Mn 2+ ions and compared their apparent affinities in the cleavage reaction for Eco and Dra RNAPs. Both RNAPs bound manganese ions about 5-fold better than magnesium ions (K d,app = 2.8 and 1.6 mM, respectively, in the rA-dG TEC), with no changes in the maximal rates of the reaction (Table  2) . Therefore, manganese does not significantly change the intrinsic RNA proofreading activity of Dra RNAP. Overall, the observed differences in the RNA cleavage rates cannot be explained by different efficiencies of divalent ion binding in the active sites of Eco and Dra RNAPs.
Effects of Dra-specific amino acid substitutions on RNA cleavage
To identify specific elements of the active site of Dra RNAP that might be responsible for the increased RNA cleavage rate, we obtained a series of mosaic Eco RNAP variants with substitutions of individual elements that contact the RNA 3 -end with corresponding Dra sequences. In particular, we introduced substitutions present in the TL, FL, BH in the ␤ subunit and several substitutions in the RNA proofreading site in the ␤ subunit, including P567A and substitution M681A of a conserved methionine residue that was previously shown to be critically important for cleavage in Tth RNAP (28) (Figure 1, Supplementary Figures S1 and  S7 ). In addition, we analyzed substitution of the ␤ lid domain (three amino acid substitutions in total) that contacts the upstream part of the RNA-DNA hybrid. All mutant core RNAP variants were overexpressed in Eco cells and purified to homogeneity. Most analyzed Dra-specific substitutions, including substitutions of the whole FL-BH segment, the lid domain, and point amino acid substitutions ␤ L783G in the BH and ␤P567A in the ␤ proofreading site did not significantly affect RNA cleavage by Eco RNAP (Supplementary Table S1). Alanine substitution of ␤M681 also did not affect RNA cleavage (k obs = 0.38 min −1 in comparison with 0.39 min −1 for wild-type Eco RNAP in the rA-dG complex), unlike to previously reported tryptophan substitution of the corresponding residue in Tth RNAP (M560W) that dramatically impaired RNA cleavage (28) .
In contrast, substitution of the whole TL (in Eco-TL-Dra RNAP) significantly activated RNA cleavage by the mosaic RNAP (8.7-and 13.1-fold in the rA-dG and rA-dT TECs, respectively, at 10 mM MgCl 2 ; Table 1 ). This substitution also increased the maximal cleavage rate at saturating Mg 2+ concentrations but did not significantly change the apparent K d value for Mg 2+ binding (Table 2) . Thus, the TL may be the main determinant of the observed differences in RNA cleavage.
Dra RNAP, similarly to related Taq/Tth RNAPs, naturally lacks large insertion ('SI3') present in the TL in Eco RNAP ( Figure 1C) . It was hypothesized that the presence of the SI3 insertion might explain the low efficiency of RNA cleavage by Eco RNAP in comparison with Taq RNAP (27) . All studied Eco RNAP variants with Dra-specific substitutions in the TL also lacked the SI3 domain and were therefore compared with a control RNAP lacking this domain. The SI3 deletion in Eco RNAP (Eco SI3) by itself did not significantly change the RNA cleavage rate in most TECs except rC-dA where it activated the reaction about 3-fold (in comparison with 55-fold difference in the rates between Eco and Dra RNAPs in this TEC) (Table 1) . Thus, the absence of the SI3 insertion cannot explain the increased RNA cleavage rate by Dra and Eco-TL-Dra RNAPs.
To identify individual amino acid residues in the TL that might modulate RNA cleavage, we obtained additional Eco RNAP variants with Dra-specific single amino acids substitutions in the TL. In particular, we introduced substitution ␤ I937T( SI3) in the N-terminal part of the TL near residue H936 that was shown to be directly involved in RNA cleavage (27) , and substitution G1136M( SI3) in the Cterminal part of the TL. The latter substitution is located at the border of the unfolded TL segment in the backtracked complex that becomes alpha-helical during nucleotide addition (G1136 corresponds to M1271 in Dra RNAP and Q1254 in Thermus RNAP; Figure 1B and Supplementary Figure S1 ). Previously, the G1136S substitution at the same position was shown to significantly affect catalytic properties of Eco RNAP (see 'Discussion' section; (46, 47) ).
Substitutions I937T( SI3) and G1136M( SI3) increased the RNA cleavage rates in different TEC variants 1.5-2-fold and 5-21-fold, respectively (Figure 4 , Supplementary Figure S6 and Table 1 ). We therefore conclude that the G1136M substitution likely makes a major contribution to the increased cleavage rate of the Eco-TLDra and wild-type Dra RNAPs. At the same time, this substitution only marginally increased the average rate of transcription elongation measured on the P R -rpoB DNA template (Supplementary Figure S8) and the rate of single-nucleotide addition measured on the minimal scaffold template (Supplementary Figure S3B) , suggesting that it has a specific effect on RNA cleavage.
To test whether substitutions in the TL may also affect RNA cleavage by Dra RNAP, we obtained its mutant variant with a reciprocal substitution M1271G, located at the same position as G1136M in Eco RNAP. The M1271G substitution reduced the RNA cleavage rate by Dra RNAP in all analyzed TEC variants (about 2-fold, Table 1 ), although the effect was much less dramatic than the stimulatory effect of the Eco-G1136M( SI3) substitution. The M1271G substitution also slightly decreased the nucleotide addition rate in comparison with Dra RNAP (Supplementary Figure  S3B) . Therefore, substitutions at this TL position can modulate catalytic properties of RNAPs from various bacteria.
No effects of the TL mutations on the translocation bias of the mismatched TEC
Dra-specific substitutions in the TL might stimulate RNA cleavage by (i) facilitating Mg 2+ binding, (ii) affecting the translocation state of the RNAP active site and (iii) changing the TL conformation and its contacts with the RNA substrate. In addition, they might also indirectly affect the conformation of other elements of the active site. As was shown in metal titration experiments, substitutions in the TL do not affect Mg 2+ affinity (see above, Table 2 ). Dra RNAP also does not differ from Eco RNAP in the translocation state of the active site in the TEC used for analysis of nucleotide addition (Figure 2 ). To reveal whether the TL substitutions might have any effect on the TEC translocation during the cleavage reaction, we analyzed RNA cleavage by hydroxyl radicals generated by Fe 2+ ions bound in the RNAP active site in the rA-dG complex. Although the unpaired 3 -end likely stabilizes this complex in the backtracked state, the lower cleavage rate by Eco RNAP could potentially result from transient forward translocation of the complex. However, the Fe 2+ -induced RNA cleavage patterns were identical for wild-type Eco and Dra RNAPs and for the Eco-G1136M( SI3) mutant. In particular, the cleavage resulted in the appearance of RNA products shortened by 1-3 nt from the 3 -end, likely corresponding to the backtracked TEC conformation ( Figure 6 ). Thus, these RNAPs do not differ in the translocation states of the active site in this TEC, despite having very different RNA cleavage rates. We therefore propose that Dra-specific substitutions may modulate catalysis through local changes in the active site conformation during RNA cleavage (see 'Discussion' section). 
Effects of TL deletions and GreA factors on RNA cleavage by Eco and Dra RNAPs
To confirm that the TL directly contributes to the differences in RNA cleavage between Eco and Dra RNAPs, we analyzed the effects of TL deletions on the cleavage rates. Deletion of the TL dramatically impaired RNA cleavage by Dra RNAP, but had less severe effect on Eco RNAP ( Figure  7B and Table 1 ). Both deletions more strongly affected the rates of RNA cleavage in the mismatched than in the correct TEC. In particular, the rates for TL Eco and Dra RNAPs were decreased 80-and 3300-fold, respectively, in the rAdG TEC and 13-and 200-fold in the rA-dT TEC. Presumably, the weaker effect of the TL deletions on RNA cleavage in the latter complex results from superimposition of potentially opposite effects of these deletions on RNA cleavage and RNAP backtracking in the fully matched TEC. As a result, the TL Eco and Dra RNAPs had comparable rates of RNA cleavage in both types of TECs (Table 1) .
We then measured RNA cleavage in the presence of GreA cleavage factors, which were shown to substitute the TL in the RNAP active site ( Figure 7A ) (28) . Eco RNAP was more strongly activated by Eco GreA than Dra RNAP by its cognate GreA factor (2300 and 110-fold stimulation, respectively, in the rA-dG TEC; Table 1 ). As a result, the rates of RNA cleavage by both RNAP became identical in the presence of corresponding GreA factors.
Finally, we analyzed the effects of Eco Gre factors on RNA cleavage by Eco SI3 and Eco-G1136M( SI3) RNAPs. In accordance with published data (15), GreB could not stimulate RNA cleavage by these RNAP variants, likely because the SI3 domain, which is absent in both RNAPs, is essential for GreB binding. In contrast, GreA significantly stimulated RNA cleavage by both RNAPs, indicating that the SI3 domain is not absolutely required for the GreA action ( Figure 7C) . Notably, the RNA cleavage rates by the Eco SI3 and Eco-G1136M( SI3) RNAPs became identical in the presence of GreA. Overall, these results further suggest that the TL determines differences in RNA cleavage between Eco and Dra RNAPs, which disappear in the absence of the TL or in the presence of Gre factors.
DISCUSSION
RNA cleavage by bacterial RNAP was proposed to play essential roles in transcriptional proofreading and resolution of transcription-replication conflicts in bacterial cells but the detailed mechanism of the cleavage reaction is under debate. Based on comparison of Eco and Dra RNAPs, we made several important observations on the catalytic mechanism of RNAP. In particular, analysis of Dra RNAP helped us to elucidate specific details of RNA cleavage, which is highly efficient in this RNAP, and to identify RNAP elements involved in this reaction. Our findings are briefly discussed below.
(i) Phylogenetically distant Eco and Dra RNAPs revealed similar parameters of nucleotide addition and TEC translocation, suggesting that the basic catalytic mechanism of RNA synthesis is highly conserved in bacteria. Both Eco and Dra RNAPs adopt a predominantly post-translocated conformation following the cycle of nucleotide addition in the TEC used for our analysis. Previous kinetic analyses of nucleotide addition by Eco RNAP suggested that forward translocation of the TEC is likely controlled by the unfolding kinetics of the TL (19, 20, 48) . In particular, it was shown that stabilization of the closed active site with the folded TL by tagetitoxin (20) or amino acid substitutions (49) leads to significantly elevated fractions of the pre-translocated state. Therefore, based on the low occupancy of the pre-translocation state in Dra and Eco TECs we suggest that the closed conformation of the TL during nucleotide addition is not more stable in Dra RNAP than in Eco RNAP. At the same time, Dra RNAP, similarly to extensively characterized Thermus RNAP, differs from Eco RNAP in RNA cleavage and its response to transcription factors, probably as a result of altered TL dynamics (see below; (38, 50, 51) ). (ii) Dra RNAP is highly efficient in RNA cleavage in TECs of various structures, including mismatched complexes formed after nucleotide misincorporation. Recently published data suggest that RNA cleavage by RNAP plays an important role in RNA proofreading in vivo, and any changes in this activity may significantly affect transcriptional mutagenesis. In particular, deletions of Gre factors increased the transcription error rate in Eco (26) . Similarly, mutations in Saccharomyces cerevisiae RNAPII located in the TL, BH and in the sites interacting with the RNA cleavage factor TFIIS were shown to increase transcription errors, by decreasing the fidelity of nucleotide incorporation and by impairing TFIIS-dependent transcript cleavage (7) . The RNA cleavage activity has also been implicated in reactivation of backtracked TECs during transcription-replication encounters and at DNA damage sites (34, 52, 53) . In particular, DNA lesions were shown to block transcription by S. cerevisiae RNAPII in vitro, and the stalled TECs were susceptible to the action of TFIIS (54) (55) (56) suggesting that they are prone to backtracking. Furthermore, RNAP backtracking promoted by the UvrD helicase is an essential step of nucleotide excision repair, followed by RNA cleavage and TEC reactivation (57) . We therefore propose that the enhanced RNA cleavage activity of Dra RNAP may be important for RNA proofreading and/or in reactivation of arrested TECs whose formation is likely greatly stimulated by genome damage. (iii) Dra RNAP can efficiently utilize both magnesium and manganese ions for the cleavage reaction, which may be physiologically significant since Dra cells were shown to accumulate manganese under stress conditions (37) . The increased cleavage rate of this RNAP is not explained by improved binding of the catalytic ions or stimulation of catalysis by manganese in comparison with Eco RNAP. However, manganese ions do stimulate RNA synthesis and dramatically increase nucleotide misincorporation by Dra RNAP. Similarly, manganese ions were shown to stimulate several Dra enzymes involved in stress resistance, including DNA polymerases I and X whose translesion activity is increased in the presence of Mn 2+ (58, 59) . Previously, Mn 2+ was shown to increase nucleotide misincorporation by S. cerevisiae RNAPII, probably by sequestering nucleotide substrates within the active site and stabilizing the folded TL conformation (45) . However, nucleotide misincorporation by Dra RNAP is increased even when the reactions are immediately quenched with hydrochloric acid, thus suggesting that Mn 2+ may stimulate catalysis independently of the TL folding. The decreased fidelity of Mn 2+ -dependent RNA synthesis may potentially explain the need for the higher level of the RNA cleavage activity displayed by Dra RNAP. (iv) Species-specific variations in the TL modulate the RNA cleavage activity of bacterial RNAPs. In contrast to previously analyzed thermophilic Taq RNAP (27) , the use of mesophilic Dra RNAP allowed its direct comparison with Eco RNAP under identical conditions. We showed that the contribution of the TL to catalysis is different in these RNAPs, as a result of non-conserved amino acid substitutions, thus explaining previous controversies on the role of the TL in RNA cleavage (15, 27) . A single Dra-specific amino acid substitution in the TL greatly stimulated RNA cleavage by Eco RNAP and may therefore be largely responsible for the highly efficient catalysis in Dra RNAP. The G1136M substitution is located at the Cterminus of the unfolded TL segment that becomes ␣-helical after TL folding (Figure 1 and Supplementary Figure S1 ). Substitutions in the C-terminal helix of the TL and adjacent RNAP segment, including E1103G in S. cerevisiae RNAPII (60) and G1136S in Eco RNAP (47) were previously shown to significantly affect RNAP catalysis. In particular, the G1136S substitution was proposed to stimulate RNAP translocation and suppress transcription pausing and termination, likely by stimulating TL folding (46, 47) . The latter substitution was also shown to increase pHstimulated RNA hydrolysis by Eco RNAP but this phenomenon has not been studied in detail (47) . We propose that the G1136M( SI3) and, probably, G1136S substitutions may affect TL folding and its contacts with the RNA 3 -end during cleavage, for example, by stabilizing a specific TL conformation involved in RNA cleavage. In the backtracked complex structure of Tth RNAP, residue Q1254 in the unfolded TL (corresponds to G1136 in Eco RNAPs) directly contacts the N-terminal part of the TL, in particular, conserved residue R933 (R1239 in Eco RNAP) that has been implicated in nucleotide addition and pausing (14, 15) (Supplementary Figure S1A) . Phyla-specific substitutions may therefore modulate RNAP catalysis through changes in this and other contacts. Interestingly, analysis of the TL sequences from various bacterial lineages reveals that the presence of a glycine residue at positions corresponding to Eco G1136 correlates with the presence of the SI3 insertion in the TL (Supplementary Figure S9 ). Furthermore, most RNAPs lacking this insertion contain either glutamine or, less frequently, histidine or methionine residues, similarly to the Thermus/Deinococcus lineage. Since Gre proteins and other secondary channel factors are sensitive to the SI3 presence (15, 61) , it will be interesting to establish whether these correlations are important for regulation of RNA cleavage in these RNAPs. (v) Combination of the effects of the G1136M substitution and two other substitutions, I937T in the TL and A455E in the Mg 2+ -binding site can likely fully explain the large difference in the RNA cleavage rate between Eco and Dra RNAPs. Thus, complex adaptive changes in RNAP properties can result from only a few substitutions in key elements involved in catalysis.
(vi) Deletions of the TL impair RNA cleavage by both Eco and Dra RNAPs but the effect is much stronger for the Dra RNAP; as a result, the RNA cleavage rates become comparable for both TL RNAPs. Eco and Dra GreA factors significantly stimulate RNA cleavage by their cognate RNAPs and also eliminate the TL-dependent differences in the rates of the reaction. Eco GreA also activates RNA cleavage by the Eco-G1136M( SI3) RNAP and a control Eco SI3 RNAP to the same level. This agrees with the idea that the TL is not involved in Gre-dependent RNA cleavage (28, 29) . Overall, the data suggest that the TL plays an important role in intrinsic RNA cleavage in various RNAPs and is likely to determine interspecies variations in this reaction by a direct mechanism, rather than through indirect conformational changes of adjacent RNAP elements.
Contributions of the TL to RNA cleavage likely vary in RNAPs from different domains of life. Intrinsic RNA cleavage by eukaryotic RNAPII from S. cerevisiae is much less efficient in comparison with Eco RNAP (62) , and unfolded TL in backtracked RNAPII structures is located far away from the RNA substrate (63, 64) . Thus, the low efficiency of RNA cleavage by RNAPII may result from the absence of stimulatory effect of the TL on cleavage. Furthermore, the TL was shown to be unimportant for RNA cleavage in archaeal RNAP (65) . It is therefore likely that in these RNAPs the reaction mainly depends on the action of accessory cleavage factors, TFIIS and TFS. In contrast, highly efficient intrinsic RNA cleavage by Dra RNAP may serve as an alternative, factor-independent pathway for reactivation of stalled TECs. Multiple partially redundant systems for dealing with genome damage and transcription stalling may provide evolutionary advantage to Deinococcus and other extremophilic bacterial lineages. For example, the presence of multiple DNA repair systems with overlapping specificities is well documented in Dra (35, 36) . In addition, Dra cells contain two 'anti-Gre' Gfh factors which may outcompete GreA under certain conditions (66) . Investigation of the in vivo role of RNA cleavage and its regulation in transcription fidelity and stress response in Dra cells is therefore an important goal of future studies.
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